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200 CHADAUTERIZATION Ay BVALUATION

A 3 f«J.,‘ - g - s34 T il o o - - - sy mn .. .
Awmalyivical techpigues cvailable for chavacrevizing the dynssic bohavior

arct performance of ACPS compenents {chowa dn Teble 2) have buen evalvated o

the bazis of s state-of~the

efficiency) sdaptablility to solution by
digitral computer; previous ugage; accuracy; availability of characterination
paraneters and adaptability to meodulavr computer program construction. Basicol

divided into four phases, {see Figure 1):

Phase I Litevature/Computer Simulation Searzh
Phase JI Comparison Heview

Phage 11T  Techniogue Ivalvation

Phase IV Recommended Technigues

The initial part of this scubtask consisted of a survey of methods nud

programs currently used by industry and othsr FASA centers and governmental

e

agencies jncliuding those at Lewis Research Center (LeRC), Marshall Spaceflisht
Center (MSFC), Jet Propulsion Lzboratory (JPL}, Arrncld Engineering Development
Center (AFDC), and Air Force Bocket Propulsion Laboratory {(AFRPL). Contacts

were estahlished with compasnies performing ACPS siwulation work con the Shulile

Vehicle, and the computer pryogvams applicable to this task which are being

formulated by these companies are being reviewed as they beceme available.
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TABLE 2 - TYPICAL ACPS COMPONENTS/SURA
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1w Hanuslly perfor ef a1l engincering and scientifi~
publications jnslm&ing @uvrr< d degres € g,

&« = Manually performed review of Indexes containing 1{sts of

coOMPULEY pProoy ehaved by oll FASA facilities and cone
tractors. Among those ind 2 which contained the nnsg
pertinent information vere COSHIC {(Cowputer Softuvare Mansgew
ment and Information Center) and the HASA ADP Resource Shaving
System Computer Programs,

erized scarch of all information available to NASA
es and the Defense Documentation Center (DDC)

The bibliography results of Action 1 above ave shown in Appeadix 2,
Actdlon 2 results are shown in 4ppendix 3., Action 3 resulted in voluminouvs
computer printouts of titles and abstracts of pertinent ACPS inforumation;
these printoufs are too massive for inclusiocn in this report. They ave

being retained by TRY in the ACPS Literature Search £ile, and are availlable

With the receipt of these bibliographies, the next item accomplished was
a review of ail titles and abstracts (If available) in order to select informa~
tion for further examination in the Phase II comparison review. Also at this

time, the ACPS Literature Search File was implemented in order to systewmatically

control the receipt and filing of the ACPS information obtained. Table 3 shows

the wmerical index code used to file and yetrieve all ACPS dnformation.

(PHASE 1T)

After a reviee of the above mentioned biblicgraphies, those ftems fndi~
k

oy the A0DS were chosen for thwe PHASE 11 Comparicen

styong applica

to the

feview, Table & ghovs,

ACRT whiile Toble 5 ushows e
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had been vecelved (HC-hard copy or U¥-wicrofiche). Comporisons ware ande

1o dltervine sintlavitics awd difievences batucen the auslyticsl

as well as to zsceriain their detalled spplicability to the ACHS task.
Unigue solution techniques were evaluated to the extent necesssry Lo ageess

the validity and accuracy of approach.

3.3 TECHNIQUE EVALUATION (PHASE 117}

The candidates defined in Section 3.2 were further rvevicwad to dex
the final, pertinent information of the ACPS characterization evalu%tioﬂa
This was accomplished by using the Teble 6 form guidelines for sach finally
selected item of Secticn 3.72. TInformation which was selected in Phase 11T is
considered the mest useful to the ACPS task and fs indicated in Tables &
and 5 by asteriske. Table 4 information denoted by astevisks iz wmove
sriented toward descriptive analytical technigques and background informa-
tion nacessary for the ACPS computer wodeling. Table 5 items denotod by
zstevisks are actual computer programs which may be vitilized in the AGPS
computer simulation. A synopsis of the PHASE III dnfovmation itewns is
prosenced in Table 7.

A cursovy rveview was aleo performed of the Space Shuttle High and Luw

Tresguve Auxiliery Contrel Pu Definition studies

3. These studies MeDomael -

evols wune

TP Cw Pabanene a0l




TITLE & CLASSIVICATION:

STATE OF THE ART:

Ty FEaTYe 10
PRLVIOUS US4

ACCURACY RESULTS:

AVATLABILITY OF CHARACTERIZATICH PAR

AMETERS

ADAPTABILITY OF MODULAR COMPUTER PRCCRAM CONSTRUCTION:

ARALYTICAL THUHNIQUES:

APPLICARLE 7O ACKFS HODELING:

L RaD T ey
TRANSIER]
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The tethiliauve svalvavion wvss rerfovmed extersively on vhe

W b ¥ e b wte - 3 e P
wmodol . eerbuster model and

i

seval vrogresm organt

integration technigues, wmodel sdeguacy {docuracy) and digital compuler
adaptebility (Univac 1108) were ovsluated.

The general program orvganization was ovaluated by inivially revisw

Pipetran Computer Progrem, Reference 5, the Matyiy Oriented Production Asserbly
System (MOPAS), Reference &, the Tropulsion dnalysis Prograem (PAT), Refevence
7, and a generalized method of charscteriseic water hammer progrn&(nv?} by DNr,
¥. Young supplied to WRQ frem MSC Auniliary Propulsion and Pyvotechaics

sranch., The ideas and foveme amsocfated with the confipurstion selecilon,

ive cperation end mwdulerized form of theze prograns vece useiul in

setting up the general ACPS programs. The usnelist data input was selecred

for program input due to ezse of handling for the engimeer. The execulive

a

program operation was fashiounea after thet of the Pipetran program with th

L&

configuration selection as input darta and

s

> execvtive drives handling the
courling of components ard the solutions of simultaneous eguations.

The line model was established zs the main program liuk due to the

¢f line segments with the other 20P5 wodularized components. The

~33ine nudel was, thereforo, extensively evelus

. §
e e g




veniizl eguations. e aynanics liae sodel fyroan TRU/SG:
% P

Berch was elinimated becatse it iz simplified and not generalized emough for

this application. This laft two programs which were closely related, the URY

aud DYP programs. The DYP program iz & generalized wodel and the ORY pro-
8 T 4 & v

gram is not. Doth programe vse tue method of chavscteristics sclution as

prasented in Reference ¢ to solve the trapsieant fluld flov equations {in-

123

b s

ransforms the partial diffevential transient fiuid flow equations
orainavy differential equatiors which arc then solved by the fiv
MiTerence meihod,  The other method of solutica considered

solve the partiasl differential equations dite the finite

solution. But since this solution may present stability problems,

Jvding fricuion terms). The method of charscteristics solution rechnicue

into

difference

it was

cided not te uze thie approsch, Therefore, since both the DYP and ORI

prograng used ¢he wethoed of chavacteristics for their solultion vocimigue,

it was decided to inzorperete this techndque in the ACPS dynamic line wedel

AY

Peferesce Section 3.4.3. The ORI progran has substantisl docuneutatiow

with several checkout cases, but the DYFP progrow

A

to evaluate Apollo




approrimation, In the ORI wodel, the Hoberts extrapolation procsdure

(Refercnce 10) was used to incresse the accuracy of the computetions and

the need for this approach will be evaluated, bui at present it does not

appear necessary. After evaluating the four programs, it was decided to:
1. Use the method of characteristics,

2, Construct the generalized wodel using the Streetew
(Reference 11} technique as a baseline.

3. Check finite~-difference integration for adegquacy after model
buildup and if necessary, incerporate a more elaborate Inte-
gration scheme (Roberts, Wunge-Xutta, Predictor Correcior, eto,)

The preliminary line model developed on this basis is described in Se
JoG. 3,

In selecting a combustion chauber treansient wodel, two TRW models were
veviewad. The first was developed for sclution on an anzleg computer and is
the one adapitad for use im this progrsm., A Runge-Kutta integration scheme
vas incorporated to adapt it for use on a digital computer. This wmodel is
desceribed dn Section 3.4.1; ac d¢ the evaluation that led to the adoption
of the integrvation scheme. Tha second model used the vather ianteresting
apnroeach of lrnzarizing the equationg over each time step and ohtaining &
semi-analytical solution., This approxch bas some merit, but in this warticular

2

1 the trestment of sonde {fow into tho chamber and of the valve

formulat

io be gatigfactory. The claincd wlvansoge

foreding funetien did not ap

ationai ©

af ibiis

appyraach is Lhat

heodonbd e dhev whioh oan boonasg




The fouvih phass of the charazcterization evaluation eacs to recowisud
to the NASA Tashk Monitor those techniques identified in FLASE ITI of thisg
subtask as applicable to the cheracierization of ACPS components. The
reconmended techniques provide a high degree of accuracy and are amenabls to
computer sclutions. The resulis of this subtask wpon approval by the NASA
Task Monltor will form the basis for the progrem development under Subrask

I1.

This section recommends transients and steady—state medeling techniques

o~
o
=

the following components:
Combustors and gas generators
Manifolds and Injectors
Turbomachinery
Heat Exchangers
Accumulstors and Fressuve Vessels
Supply Lines

Orifices. Pipebends




sient

progtas.  The nature of vhe egustions in the ¢

chav bardware dimensions and harduwere chavacteristics,

he input, and flow conditions, e.g., veloclty, pressur

culated by the program as & funciion ¢f time.

&

5



USTOR MODEL

& preliminary dvnawic wodel of an ACPS combustor hss beén developed on
the time share terminal and implemented on the MSC 1108 computer. This
hasic model will be used as the combustor component of the total ACPS transicnmy
program, A study was performed utilizing this srelininary combustor mode]
to determine its numerical stability and running time, and to investigate
the advantages of various numerical integration technigues. This model
wlll cventually be expanded to include curve fits of combustor performance
data for a typical engine thruster.

-
oy

Raced on the gstudy resvlis, the following conclusions were mede:

:

- Representation of the ACPS combustors with this type model appeavs
satisfactory and a wmorve detailed model will be constructed with
this characterization as the foundation.

2 .

2 Numerical integration cof the model equations utilizing Fuler's

&

integration scheme is relatively unstable. After thrust build-up
and during the period that the engine simulation 1s in steady-state,
the sinmliated chamber pressure oscillates 20.3 psia with a (.01

milliseceond {ms) conputation interval sad #2 psia with a 0.25

[

computation futerval.

solucion wrver stabllizaes.

s overy well wiio the

illavions wvars obkgorved




£

puring the checkout phase of the vrogram development, the combusior sodel

exercised as & "stand alone”

WaAn

For this checkout phase, a test

to utilize gascous oxygen and gaseous hydrogen as prop

fallowing iaput data:

nazzia throg

the specific neat ratlo was fiwed at 1.4, T

combustor were maintained 28 a coustant pressure boundary

cant
tempevature of 3307F.

instantareously and transient profile

combuster and the chamber pressurs

charactaring

progy

Case

zbilicy, time step, avd Integration

s fov ginula

and sYong™

o
¥

the chamby

82LY

ez
MY

Lyp

[ o
Cl DpRralay

Fov this study oolv.

leal engd

was employed wirh the cowbustor medel

ic exhaust velecity

Coinhnntos oag

&=

The propellant flow control valv

vere calculuted.

The model was exercised at various

Leler and mimeriosl

N

W usa! €5

tions

b=

Lrion dntoy

s oand the model’s
vaye 0.0, 0008, GLED ard 0.4 ow.
IO T e Tre e Porgo oo Uy
il By Sl s o R
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integration step

SR

schenes

L RASAN
. - T siagie 2
SR IR S M

into

using both

were opened

the

ik e

to the

160 psia ond

g b
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At a step slze of 0.25 ws., the cscillations ave 2 psia while for 2 step
gize of 0.1lms, the escillations zre spproximately =5 psia.

In an sttempt to decvease the running time and increese the accuracy
achieved with the Euler technigue, the Runge-Kutta integratiocn scheme wag
vevaluateé at calculation intervals of £.01, 0.1, 0.25, and 0.4 ns .,

Stable solutions were obtalned a2s noted in Figure 5. As the integration

inrerval was increased to 0.3 ms., the transient pressure rise becomes less

accurate during the period from 0.8ms to 4.0ms of elapsed time as noted

from ghe siow pressure buildup showa in Figuvre 5. By $ms, 2il solutions

reached 2 sieac

integration step size was increased to 0.5ms and the golution diverged
extensively from the true physical system and went unstable bacause too
HTH propelianﬁ was allowed ianto the chamber, thus driving the model inte
a revevrse flow situation.
From this study it was concluded that & Runge-Kutta integration scheme
vill be satisfactery. A computational step size of approximately 0.25as,

which is one-fourih the step size hedng vtillzed wich the dynamic feedline

model, appeavs to be ideal.

ot

1

Tmplementarion of move extensive combushor ance data, a manl-

fold apeeumulacion model, and s flow contrel valvwe cherastevigenlon ave still

reguired for o
P J N - o £ get A
ropecated veing the datas Trvow U .
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I
-
P

caleulaved from chawber pressure, veouym thrust coeftficient
throat area. The combustion tempsrature will be calculared as & funetion

of mivcure ratio ond possibly of chamber pressure. Implemantation of the

preceding will complets the dynawic combustor wmodel development.
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COABUSTOR DYRL

wrr in Figurse 6. The combusior

mwodel to be vriliz

[yl

d in the ACPS transient progrsn interfaces with the fewd
line model and will utilize input from that model to solve a set of zimu-
lationg egquations for e variable punber of thrusters and feed lines, The

wodel will use a Newton-Raphson techrique to solve the eguaticns and will
£ i 1

are with the vee of the Runge-Xutta jptegration scheme. The program

s

nomenslatuve and unite are desevibed at the end of this discussion,

W fuel /”//// .
™ b ~ W
- < ~ Tt
P
— g ol {
¥ fad s
Pyropellong T
foadlines - -
‘% ‘1('1 S

©

=t NN

W oxidizer ~

R '\
(o]

FIGURE 6 ~ Combustor Medel fichematic

The initisl entry into the combustor model establishes the followings

fond
e

The pumbsy o

(Y
St

The wanber lines couo.zcted to combustor 1.

d

The
and

the fosdiiue pustor 1

2.
o

ot

i e o



The combustor model utilizes the data form the last twoe nodal vpoiurve vo

w

tie inlec feedlines to calculave the (ntl) point of the junctions betuwcen

the combustor and feedlines.
'

The parametevrs (uw

Ry "

s Po) af point R, are calculated in tha same
EA

Ey

R
fashion as in the line model (Section 3.4,.3). Sees Section 3.4.3 for nomen-

clature for &, z.,, and P_.
e R* “r® T T

ot ‘n - ‘ » ‘
. 9y ea, (v 5,7 i,j“l)
n 1 )
L £, ; -~ %F Y o s
14 @i {w i, i,j“‘ylwlﬁi}

5}
¥;
S
§
P
gy
-

Tuin mape b oiedyem . 3 H 3o
fhe wedeht of ras Ao the conburtor in calcuinted pr




This equation ig calculated rsipg Punge-Kutts integration.

The chamber preasure is calculated based on the perfect ges equation of state.

p ow W BT
¢ ¥ tt

[+

The nozzle flowrate 18 calcoulated frow the characterdstic exhauzt velocity

equation,

1f sonic flov existe fa the injector orifices, the f

ek

owrate inte the chamber

for each idns is

¢ < Fard 1Y F a1y
W o= A393£¥ . 2 {413/ {y=1) (1)

. and the pressuve g¢ the juvctlon ¢f the linew less ihe wanifold pressure

loss is cquivalent to the pressure in the injecter orificem; therefore,

¥

Pintm combustor ﬁpmunifﬁlm - ?Iines (2
The flow from thz ling model {Secctleon 3.4.3) into the cha as
follows:
Wow 03 - P {Firsl noasd (L3 {3}

whare:




Solving for the pressure in the meni

CL+ AC, (o (2 (17 (=10

RT v+l

1f tha flow vhrough the dnjector is cubsonde 1f is defined by the compress-

Ps

ible gas f£low relationship

o poac, JE 2T ey
e" M N GG

Bqueting Nguation 4 to Bguation § sud sctving that equal ©o Zuro a function

C7 iz defined

7 = 0 = C3= P,CL ~ P, CA B )

Galoulating the devivative of Equatrica 5. one potst
Yo

{m ﬁ;?)}

S om0l e AT e e S
d v 25 Er

Using Nevton-Raphson methed of

£l

o couverpence oviteric ie obtained
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ROMENCLATURE FOR COUBUSTOR MODEL CONFUTER

9,10

Specific heat ratio

SUBROUTINE

Kumber lines connegcted to the Ith combustor

The Ith combustor connected to the Nth line

Constant portion of SP equation
Constant portion of WP cquation

Nozzle flow of 1th cowmbustor

Chamber pressuve In Iih cowbustor
Gas constant on combustor
Tempevature of gag in combustor
Volume of Ith Combustor

brea injector

Nozzle throat azres Ith combustor

Constants in darivative of pressure

Rerivative of pressure equatica variable

Temporary injector {low vatn

1
i
3

Crivicel pregeure ravio ik idine

Pregsure equaticn expression for subsonic

flow

CcHaY (3)

UNT

3
W

1bm/sec
1t
ERATE
psia
£2/10°R
QL

b

Y

in”

in

inz
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Value intevpolated dn the X~divection lv
characteristic that passes through the g

{iow vardiables are to be determined.

ing on & ripght running

&

i
rid point at which the



3.4.2 Steady-State Combustor

The stesdy--state model of an ACYS combuctor will use curwe i
chanwber performance data, calculated using the ICRFG programs, to describe
the steady-~state operation of combustlon chamber parameters. Curves are
presently availzble, but may requive modifications to account for effects
of chamber precsure variations. Evaluation of the curve fitg ave being
performed by comparing them with dava from TRW Redondo Boach's high and
low pressure ACPS studiles.

The model calculations will be pevformed zs follows:

The specific impulse fg given by:

1sp = £ (MR, T T ¥, €, P}
5Py (R, 0.°* "B, TP T T’

The thrust coafficlient is given by:

Ce = Constant

The characteristic exhavst volocley 1f given bys

v

The cowbustion gas toupervatuve 13 gluen by




o2
[¢]

Inlet Tempcrature
Inlet Temperature

Area Combustor Throat
Thrust

Expansion Ratioc

Chamber Pregsure
Vacuun Specific Impulse

o~ 3 e
Chambes

Fuel flowrate
Nozzle flowrate
Mixture ratic

Corversion constant

°R

°R

I1bf

it/sac
ibm/sec
ibm/sec

ibm/zec

32.2 tbmoft

seczwlhf



In order to model the ACYS transients, analytical representacvions of

programmed on the Univac 1108 computer. The wodel is switable for both

gases at low Mach numbers and liquids. The program,

which 18 in the pre-

able to handle vetworks

liminary stages of development and checkout, will be

of considerable complexity. Presently, it can Ireat

of distributed lines, junctions, valveg, pressure

bovadaries. Pressure poundari

ave pipe erds at

the flow vate as a function of iiuwe is specifisd,

networks congisting
boundaries, and flow

which the presour

the resistance versus time must be given., Ag romponents which are necessary

for the computacion of an AGPS transient are developed, they will be incerpova-

T

ted inte ths progr

Section 2.4.1 will be added

equaticne vsed are described und sone sulta ara

represenl

¥ 4 oV
N 1
aip
3
P
25
wd, e oda vha

m, For instance, the combustor model described

regraphe that follow,the

weference 11

oy
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2
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or nearly zere, the above twe eguations are not satisfactory. This is

because the product of g times H as g epproaches ¢ero becomes the i{ndetermin-
ate form of 0/0. The equations can be readily put inte a form sultable for

use at both zero and non~zerc g' by making the substitution:
. P
H o= 144 7€ -~ + Z
o Y (3)

&

¥ is the static pressure, P iz the Tluid density, Z is the elevation, and

8. is a conversion factor.

Equations 1 and 2 which ave hyperbolic in form can be solved by subsii-
: ¥

tuting directly a finite~diffevence approwimation for sach term or by con-

verting them iante Four op v differeniial equaviens by the

£

method of characteristics and then subsztituting finite-difference approni-

mations late them (see Refevences 17, 18, and 19). 7The former approach hns

o2

some asdvantages (sce References 18 end 19), bup theve appear to he no cases
raeperted din che Litersture of equatione having sxactly the form of Eguations
1 and 2 being sclved in this manner, although there are exswples for somaw
vhat similar sets (Heferences 17 and 20), Tn Reference 11, the method of
chavacteristics wee used and in this veference are presented soveral
comperizons of vhe computational vesults with experingptal dars. The

f

Thus, for the sake of nuwpaditing the task, the method

chocon tu osolve 3Y asd (3Y. Tt weaid be interesti

hovever, o




the density is constant, Equavions 1 and 2 become, vespectively,
164 g e .
——— 3BT . YO2E (
5 5o toa gy laé B o 3% & (5}

164 g o u , ;
et By 2o, BN

p 3 ax TF (6)

The contdinuity couation and equation of motlon suitable for the one-diuwen-

&

sional flow of 2 gas ave from Reference 21, p. 972,

3p 3V op
9r 2 4 oy il wmoqQ (N
e T Py 7 W=

- o .
a8 ap ey v fVv] g .
Fo3X aX 3t 2D (8)

4

i
P

Jdentical to Equatien &

. . 9% : < :
both sides of Equation 7 by 3? and & conversion factor gives
)

1hip 2P 2V . 144V 3P 3p ,
5p Bt 55 Bw o B 0 £

Using the fact thsi for en isentropic process

¥
144 3p . 8

o i

e B (10}

(5

Bquation 9 becomes identical to Equaiion

The equations in Appendiz A ave based ov the gpead of sownd remaining constant

in the pipe and the dengity being independent of the velocity. In 2 gas,

these assumptione hold fairly well for Mach nusbers Iesa thon about 0.2, Teor

ol mitate must be

selved slong with Dwuations 7 and 3,

P ¢ . -ry 4 A g S R N [T,
To oneck the franesient wedel, the Dlow rafces ant

Toratal, Foicdio




in Refevences 19 and 22, ‘he plot of pressure at tha velve es a funciion

of time should be nearly a perfect sguare wave. Since this analytical wmedel
takes intc account the fact that the wave velocity with respect to the pipe
travels 2zt the speed of sound plus or minus the velocity of the £luid, the

wave shape will differ from a squave wave. However, at the fluld velocity

used in this example, about 1.64 fi/sec, the difference should be fmperceptible,
At very high fluid velocities the wave shape will differ congiderably from

& sguare wave,

Valve

1.64 fi/sec
2, L0ET ft/sec

e valve cloguve, 100 psia

TELT CASE

Four diffe & compuibss

34
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but § was se¢ to 0.2. Increcsiug § hag the effect of fovtroducing an

dampening which asgalin is the vesult of the avmerical approxiwmations. Re-
ducing the time increment, however, will eliminate the effect. This is shown
in Figures 9a and Sb vhere S is equal to 0.2, but the time increment is G.15

us, The effect of viclating the stablility criterion is depicted in Figueng

[N

10a and 1Cb. iIn these, S is -0.2 and the tine dncrement ie 1.0 ms. In ¢his

case, the solution divermes wildly. The resulis given in Flgures 7-10
£

indicate that for maximum accureny for a given time increment, S should be a5

£

small a5 possible without vielstlag the soabilivy criterion.



EQUATIONS FOR TRANSIENT YLUID FLOW PROGRAM

Initfel Calculatiens

a, = [ 14k B

vV

i Yc

~ for liquid line

Y T . e i
ai * \/Yibc"ili for pas line

Minimum AX, = (1. + 8§} {(Ar) ay
A

N o= | .

By 4 1 [N, in an intiger < fo rhe R,H 2)
1 ger & ]

A¥ =

[
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~
e
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L) Boundary is at upstream end of nipe, § = Ny

.

Conmpute e e PR

Compute €3 and C4 using Eqguations 19 and 20, respectivelw.

{33}

k-l . &3 i
i, _'} o4 _..-.-‘_..,:_L,L

strean of the

. e b e
{ €7, wusing Sguailon 18,
i
Junciica. 4 = K,
i
aed UF, using
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R (- (31
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Crogs-soctionzl aree of pipe
Speed of sound

Corvection for the effect of
Young'e modulus of pine

Pipe dismeter

e

Pipe thickness

&

¥

Yrdetion factor
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Poieceon's ratio
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BOHEWCLATURE (Countinued)

Submeripry
Indicates ith pipe
Indicates jth unode in pipe
Value interpolated in the X-directlon lying on a lefr running
characteristic that passes through the grid point at which the
flov variables are to be determined.
Value interpolated in the d-dlrscrion lying on @ right vunning

characteristic chat pa turovgh the grid point at which the
flow variables are to be derermined.

Value specified at eod cf pipe

Sunerscoripts

Indicates nth tinme
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o 3,4.4 Supply lires Steady~State

The supply lines for the steady~state model will be simulated assuming
a constant heat flux into the lines {Figure 11). Therefore, the heat
transfer coefficient, h, is a constant. Heat transfer into the fluid flowing
in long gas lines will be treated by mumerical integration with resiuct te
distance. The supply line model will handle the case of combined friction
and heat transler. The nomenclature is included at the end of this section.
The general approach will utilize the energy eguation expressed as a

function of the heat transfer coofficiant fpage 243 of Nefercuce 20},

y b Z . s | N . 5
W dg = 7070V {deTo} = hu D dx {'U ~ T {1}

vhere T, = Adjabatic wall temperzture {(Figure 12).
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For subsonic flow the adiabanic wall temperature, T, does not differ
J

a

npuch: from the stagnation tempersiurs TO. Therefore, Ta = T and Equation
w

1 becomes

!
H
”
o
<
[@]
el
Py
]
r

using Reynolds Analogy betwzen fricticn and heat transfer;

47

5 M;Ff
w ¢

;

w 2§ dun

o
3
£

integrating ylelds

iy s
E 4 Q
6.~ - .
2 i me e AN
s = AEOTR iy
W T i
1 H '

iterative

woare the

e L4 T e v W B .
A b e - " + . \\
i s "
B ' !
?
. -
5 /



7f additional accuracy is tesuired, the simplifications in this
wmodel can be eliminsted. That is, the adizbatic wall temparature would
not be assuwred squal to the stagnation temperature and the Reynoldg Analopy
between friction aud heat tyansfer would not be used. This would compl i

cate the wodel extensively and at present, the minlmal accuracy the fmprovae-

mene cains dows not warrent this sddiviconal compication.

T, Ta Temperature Findd or Terpersvuce Stagnation Fluid 3

v Velocity flufd initini fefsec
P Pressure psia

& Flowvate lhmfsec
I3 Piavcier iine in.

I's)

Y
R
. F
o 1bn/sec
L Centipoise
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3.4.5 Turbomachinery Tiazuslents

Fluid flow through the turbomachinery may be adequately described by
utilizing steady-~state plots of turbomachinery characteristics. Typical
examples of pump characteristiecs curves are shown in Figures 13 and 15, aund
examples of turbine chavacteristic curves arve shown in Figure 16. The re~
lationships represented by these curves along with the equality between the
pump speed and turbine speed and the equality between turbine power ocutput
and pump power required are sclved with the line flow equatious to give the

turbine and pump operating points at 2ach

1k

e

nstant of time. The hydrogen puwip

periormance curve, Flguve 14, was chitained from AlResecavrch through TRW/
Redondo Beach Product Desige and Analysis Department. This perfornsance curve
wes based on the ACPS studies being performed for ¢he shuttle conceptusl

design activities. Justification for uvilng steadv-state flow relations

is that the fluid cepitance of the turb

sl
©
.

ssually far less than

thae of cother couponsnts of the syutem. The acesleravion of the turbo-

machinery votors vay be tsken into accovat by & relstionship of the

form:

vhere:

rotor, 1 415 the memeng of lweriia
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24,7 Hear Exehenger Transisnt dodel

At the present time 1% is anticipated that the heat exchanger wodel

will conaist of three pavris: preheater, boilev, and superheater, WHhen 2il

rhree subroutines are used consecutively, they will simulate the couditioning

cof a liguid to a superheated gaseouvs state. However, each subrovtine may

.

be used separately as the simulasion of heat exchangers which nay stavt with

a fluid at a cool 1iguid,

or gaseous condition aud, for thn

&

appropriate initial fluid state, will condition the fluid to either a boiling

licuid, ccol gas, or superheated goscous state. This is shown schematically

3

in Figure 17,

COOL LIQUID-—rrrry " COOL HEAT SOURCE (OUTLET)
PROFETLAKT B
(INLET) | PRENEATER SUBROUTINE |

VARMER LIQUID .

PROPELLANT

(GUTLET)

!
i
L GASEQUS : .
CGOL,?A”TQL” SUPEFHEATER SUBROUTIRE
PROPELLANT ey

{INLET)

S S ey

FROPELLAE
TIGURE 17 - HEAT EXCRALGER BLOCK DIACKAM

The preheater has the fupction of elaevating the

; iDG ghete (o a bolle
ing condition, The heiler ecoctier accounte for che s e
veparize the Hauid, The inTeetpos Lhe g oo b Y
fure,
A ¢ o : = i - it g
Che b \j T B B T TR T AT N B e | H N .: v R '
q T K vy ,



Fieure 17 ehows how the countev-{ive heet exchanger wmodel will Lo set
up. & slipght incveoase in complexity will result when optionz are provided
in the model fov parallel and cross~flow heat exchange. A computer program
for the design and parformance analysis of Compact Multi-Fluid Hest Exchangers
was located in the literature searcir (Reference Appendiz 3, Program N70-L0069).

This vrogram includes parallel, countevr, multi-~fluild cruss-flow and plates/fins

¥

configurations, This program is presently being obtained from M5C and exten~
sive uge way be made of it if evaluations indicate it will be useful,

The heat trapsfer balance eguatlonsz with councer flow gsee Reference

v
N
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i py Ay C

~ " 3 v ¥ i
18 %% T3 (.t - BCL T

P (kL) = W, C
?l\x,ﬁ) W. C

g ot e S,
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. £ B X -
® VI o a0, 2 TG = iy M Gegt) - b0, 1T,0,07T, (O]

3
SR U vZ %7

po= density 1 = conditioned fluid
A 0= flov ares % = heat sovice
c = specific heat X = lepgth
4
.
Vo= flow rate t = time
h P
C =
v
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H = loteunt heat of wvowszization

P
-
=
L
[ oo
oo
&)
H
-3
R
et

3.4.8 Heat Exchenger Steady-State Modsal

The steady-state equatioﬁs for heat exchangers ave well developed end
will be utilized for this aspplication. The privcipal mechaniom for the
transter of heat in the hest sxchangers planned for the ACPS 1s that of con-

vection, The heat tvansferred by convection is devermined from the relaticn:

Q = bA(AT) {1

> ¢ is the heat transfer rate, b is the £ilw coefficlent, and 4T is ths
appropriate temperature diffevence. The {ilm zosfficient depeonds upen tho
shapes of the oxchanger parts and upon whethey the convecvion is nulural

or forced., Reference 23 gives the following empivicslly determined velation

for natural convection freom a cylinder, to a surrovnding medium,

'3

a

©

o
k

where o 0\§Q\

is the Grazhof nunber.

P, = Cu . . P .
I o, de the Prawdtl ouwber.




fatabiert

will likely serve as the basie of development of the madel.
The previous heec transfer Fquatdons {2 & 3) ave vaiid strictly for sinple
phase flow, In ovder to handle the region of two phase f{lovw, in both
liquid and gaa, threz veglors of heat exchonge wust be consideved, nuclezie
I8 .

bodling, transition phase, and f£ilam boiling. The cxygen and hydreogen beiling

curves, for example,

Heat Flux (Q/A)

will be used to detevmine the ezt frans

&

oy
<
bt

averaging nethod

vhich will be utilized 1o model this heat transfer vegica. The haoat t

ahie dinciuoe

for entrance and exit effocte will be further investipated for nos

sion ip this model.



Loy s wwd Presayie Ve

iransieunts

[EX]

if an accumulator is long enough so that it would reguire st lezgr two

calenlation nodee, and if freated as a distributed paraweter line, thes

i
[RS8
(a4
-t
b2l
T
o
w

subroutines described In Section 3.4.3 czn be used to simulats

iy

accurmulatoy Is so short that the selsction of 2 fime interve

[y
Q

"3
in
£
¥:)
s
i)

tue nodes results in an dmpracticably mmell interval, then & lumped parametey

representation will be used. (Flgure 18}
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3.£,10 Accumulaiors and ¥r o Vasgels Ste

&

The modeling of the steady~state soccumulators and pressuve vesselrn

will account for heat trvansfey through the walle and liquid surface, vounting

reverge flow and mass/volume changes (Figures 19 2nd 20, Refersnce 25),

The folloving approach will be used and the nomenclature is included at th

Ikt

ead of thiz section,

The initial pressure (P} will be cbiained frow the initizl ullagpe

volume (v}, gas mass (W) ard initial average ges vempereture {T) ha

raed on

*he equation of state for & peviect grs.

Q ! 2T, } Q
i1
{ J
\“\ f/

E
& “ - o
19 Caa Acounabeoor ¥

Frescure




3
The volume chenge, (ft ) is

®

‘ - X2 M - . -, y

\72 = Vl -..5;: A‘-,, dv = \72 \l. (3)
3

The ullage or accummnlateor volume change.(ft } is

dv = W dt (4}

The ullage mass (ibm} is
Woe W R4 ()
g > g’

If the pressure in the tank is greater than the vent pressure

veuting flovrates,

¥ o= gonic {low (&)

5
ol
=
[
]
o
poe i
#
¥
o
i
3
Y
2
-

Srasbof, or Reynolds nusbers)

Ay 1fguid surface gres

The er

erpy of Incuming wass (ATH) L

.
ey
Em, = £ W, dt taj
in roiun
vhere in « entering
The sy vanting pass (BTUY is
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vani VR Cuop (4
The ~ansion wnrk (BT} is
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ihe energy balance then yields the ullage temperature ("R}
. . U - B, o= le - hv - hs - QW
u CV

(%]

Final ullage pressure (psia) is

When the fluids are stored under supereritical conditions, they
cannot be treasted ucing thermodynamie relationships based on the ideal
pas lavs. For quazi-steady flow, it iz cowmmon to use the thermodynamic
functiornz & and ¢ wvhich zre defined as

8,0} = = {35

0P ) = wp = )

The pressure change in the tank 88 a funciiow of fLlowrate cut and heat

213 A 3y hd
Gl & N
ez o {ll‘j‘ - B}
di Vonde e

to for oxygen and hodrogen as

and € fonctionn are reod

resylt of work on oiher proprens,
P Prossurs

. . o3
% Volo ay
3¢ LRI e Ihia
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NOMENCLATURE (Continued)

o} Depgity 1bm/tﬁj
Aw Surface area tank walls ftz
] c2
A Flow aresa e
y . 2
A Liguid/gas surface aves fe

(&)
1]

pecific hezt constant pressure RTU/°R

C Specific heat constant volume BTU/°R
P §

u Internal Energy BTU
EMin Energy of incoming mass ST
Q.4 Heat trarsfer thru gas interiace 2TU
sl
EV Energy Venting mass BTL
ES‘ Expansion work on surrcundings By
Y Meat transfer thru tank walls BTV
Q Total heat added to tank
H Enthalpy BTU
£e Conversion constant .
Ly e
Subscrints see ~ibf
e Exit
i Internal
r Tiue
P
v




3.4,11 Manifold and Injector Transients

A vigorous treatment of the flow downstream of the thrust chewber
valve would be a very difficule matter. Even making the assumptiong that the flow
is one-dimensional, inviscid, and adiabatic weuld involve solving the con~
tinuity end momentwe equations, which are parcial differvential equations, and
the algebraic equations of state and the isentrOpic're}ationships. 1v addi-
tion, discontinuities in the solution {(shocks snd iuterfaces} would have to
bhe followed. A search of the literature has so far vevealed vo simplificd
nodels which are substantiated by experimental data. The propused siaplified

uil byeasienyg

75
pa
0
®
ot
o]

vodal {Fisure 21} is typi

manlifold and injectors.

s gty Fosrbomsocid

P

Thrust
Chanmber
Valve

Manifold
Volume

FIGURE 21 - MANIFOLD DIAGRAM

Toe flow into the manifel

e

W= P 2
v v {1z}
for unchoked {low, choled
.
. ¥ b
] v v
[



)

clfie heats, P is the manifold pressure, end T is tho toral tempersture

i it

of the gas, Similarly, for flow from the menifold inte the chaah

7 } {2a)

for unchoked flow, or

W= BoAL € Yl 3 2

.

for choked flow. Wj is the flow through the injector, and A, is the injector

ATCE
Ao e B : PR v o
The prasstis in found frov e Jdilferencind
equation

B e YR -w) (3

V. 1e the volure ¢f the injector, For the valve flow t¢ be unchoked

43

and for tha dnjector flow to bo unrhoked




3.4.12 Menifolds and

The manifolds and injectors will be treated as lines

The flowrate calculation will be performed as follows

FIGURE 22 ~ SIMPLIFTED ¥

.
i
2
NOMERCLATURE
'
182 Molecular weight : moles
D Dizmeter line in.
T Tewmperature line "R
.
W Flowrate {assumed) Ibmfe
P Fregsure pEid
< o
¥ -




3.4,13 Ovitices, Pipebends apd Valveg Transieuts

During transients, ovifices, pipebends end valves will be represontred

P

by quasi-steady flow relations gimilar to those used in Section 3.46.17.

oy

¥lows of gases avrcss lumped resistances may be treated as Joule-Thompson
expangions. Valve resistances as a function of both position snd time will
Pe considered in the simulation. The resistences of orifices, pipebends, and
velves will be vequired as ifoput. The resistances of beuds and orifices

may be O%tained from standard references works. (Ses Referemce 26). Valve

registances are usually provided by the manufacturer ard will be put inte

the program in tabular forms,

3.4.14 OQuifices, Fipebends and Valves Staady-Stote

The only difforence between the transient and steady--state models

will be that the valve pogiticns and thus resistances will not be functions

of tiwe,



3.4.15 Gag Gererator Try

The gas generstoy (vousient wmodel wildl be charvactey by the Tingd

flow equations uvsed in the combustor model, Section 3.4.1, and the compresncihle
gaz flow relationships.

The inltizl flov out of the gas gensrato when 1t s operated ip o

vacuum, will be choked. 4As the back pressure in the duct Teading vo the
iturbine increases, the velocity of the flow will! change to subsownic, The
following ecuations will Lo usod:

v, = a® m(gCYRLC)

Y/Y-1

T

>
Oy
iy
=1
o,
on
“or®

el

The temperature at the throat i

vine the thermod

state at a

The eqnuations

in the ducts

\IT

H

b
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subzonic f[low:

duct presgsure is

B
X

g
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Velocity

Specific heat ratio
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10 into Iguation §, vhy velocity xa
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lov Pressuve)

T

The gas generator will be & combustor wodel operating &t a diffevent
mixture ratio. The nodel will use the sawe basic fluid flow equations as
the combustor model with some additional naloviations to determine the thervo-

dynamic conditions at the gss generst

{luct entranca). {Refercnce
Section 3.4.2, Strady-State Combustor for Modeling and Pasic Ynput/Outputl.
The combustion ecuations will be bazod oo curve {ite of dave calavieted with

the ICPFC program (Reference 12-16). The go3 geuevator exhaust gas may be

ducted fo a turbine oy to s heaf oxobonger dn ossy

E

OF &

ateivy end chors

will Iikely be g duct connecving the gae generatey to the uexy component.

The duct length may vary frow negligibly shory te cathar lomg: therafore

this sinulaiion reguives a Juet model (o doteviivne the change in therpodynamic

R
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& System of Implicis Fovavions

[*N

In the steady-state analysis program, it is necessarv to have 2 sub-
reutine or set of subroutines that computes a solution to the svsten of

equations F{X} = 0. These routines must be accurate, reliadble,

to use., They must take a minimur of care and execution as they will
v. Duripg the litvcerature su2arch, & zeot of subroutines

were discovered which mect these specifications.
1’ ;
variables X = (Xi' esay W b computes ¥ such that [FOO}]* =
iz 5 winimum, If M = ¥, it seeks the golution of the gvzvem of

~

guarione F{X) = € using the Newton Hethod. BEGS regquives two

sebroutines. One voutine must bz provided to compute F{) for a given

LECS is uzmed o solws gn over-

value of ¥, The orher is

determined linear system of eqeations AN = § dn the lesst squares sense,

ey

i
e 805,

hese routings have proven to be vrate and relizble. They sre in

vse in geveral pro

3,4.18 Tutegvacvion

2 nend for

Both une stcady-stotn sod

ol CThwongh Fle weg of

el

subrouiins W




e

ntegration scheme will be evaluvated after the ACPE models have heen

lated,

Thiz Hunge~HKutta method wee tested apgainat the Fuler wmeihod ip

T
ke

combustor transiont model ¢ accurzcy, stability, and convergence,

Runge-Kutta method proved superior to the Euler method as discussed

Sectien 3.4.1,

forme-

the

my

L e



L

Ch
’

Lhrysler Space DI

"High Pressure Auxiliary Propulsion Subsystem Definition Study,"
Contract No. NAS 8~26248, HcDonmell-Douglas Corporation, 6 October 1870.

YLow Pressure APS tudy " Contvact NHo., Na

8 1012, "Conceptual Sub~
System Definition Review," McDonnell-Dougla

-1

16 Corperation, 7 October 1970,
“"Space Shutile High Pressurc Auxiliary Propulsion Subsystem Definition,”
Contract HAS 0*?1013, TEW Svstems Group, & October 1270.

Y"Space Shuttle Low Prassure Auxiliary Propulsion Subsystem Definition,’
Contract NAS 8-25249, TRW Systems Group, 5 Getober 1970,

talbert, P, W., and Lotito, L. &.,
1 Pipeline Verworks, Mareh, 19270.

he Simuiation of Gas Flow Dynamics

Maryix Orienced Pr

Powers, C. $. and Smith, L. ., "Oracle-Malia Pregram (Propulsion
Analysis Program, PAP)," Report 058%52~6178B-TOQ0, 27 Seprember 1967.

i of Chwracteriscics Solutlen for
iow of Ligquids in Closcd Systems,”
esparch Luckg 30 Avgusy 1966,

Krane, R. J. and Reiff, A., A
the Equations Governing the Unste
Technical Report NHo. 385, Opevsrlc F

Streeter, Viator L., and Lail, Chinte, “"Vater-Hammer &
Fluid ¥Fric ” : ivdraulics Division Pr
Ameryican § Yay, 1962,

for Spheric
Val., XXXVI,

‘(:;

Eoberts, L., "On the Numerical Solution 0{ the Equati
Vaves of 3 ! /
Koo 4., Tanuary 1958

ourna i of

Streeter, Vo Lo, aud Wylie, . HeGraw-Hill

Book Company,

Dincnsions Piby o

arch Cantgeys

N i
by WARA-Lewig

sthutepy Youndey




16.

REFERERCES (Continued}

ICRPG Qune-Dimensional Kinetic Nozzle Analysis Computer Program,
July 1968, Interagency Chemical Rocket Propulslon Group, Army-Nevv-
Alr Force~ARPA-NASA Performance Standardization Working Group.

Ralston, A. and Wilf, H. §., Mathematrical Methods for Dicital Computers,

John Wiley & Sons, Inc., 1960,

E. aud Wascw, ¥W. R,, Finite-Difference Methods for Pa

2l Equations, John Wilev & Soms, Inc., 1960,

Fox, L., Numerical Solution of Oidinary and Partial Differential

Equations, Addiscon, Wesley Publiah1n Ine,, 1982,
Shapiro, A, H. ¢ The Dy Lauicv and Thermodynemics of Compressible Fluid
Flow, Ronald Fress Co.. 1953, Wol. 1 awd 2.

Richtmyer, R. D?s'
Iinterscience Publis!

Jue Problema,

fondon, A, L., Biancardi, F. R., and Mitcheli, J. W., The xrar
Resnonse of Gas TurbwwL Piant Heat T"rnzhaﬁva Regenerators,

ASHr, Vol. 81, p. 43.,., 185¢,

¥eAdams, W. W, Heat Transmissieon, McGraw-Hill Book Company, 19854

Enudsen, J. G., asd Kavz, D. L., Fluid Dynamics and Heat Tranafer,
McGraw Hill Book Company, 1838.

"Ceneral Propal
J'pawy, Inc.,

rization Progl » Brown
VP e TR-0G8,




B~

BIOLIOGRATHY

ons of Hydraulic Contrel Valve Pipslines

Saito, T., "Self-Excited Vibret g,
E, 1.5, ¥o

Bulletin of J8M

Exekiel, F. D., "The Fffect of Couduit Dynamics on Control-Valve Stabilicy,’
Iransactions of the ASME, Hay, 1938,

”‘b? Theory of Resonsuce in Hydroporer S Discusaious
and Accidents Ceonrring In Pressure Syste

December 19632/631,

Jaeger, (.
ﬁi Incvdgz

{‘fm

YA Review of Suznh Tank Stabilit
December 156077685,

foy astoady Flow in Ducts, D, ek

. Goorge,
Inca, 1955,

Parmakian, Johng avais, Prentice-Hall Civil fngineering

and Enginsering
&

fich, CGeorge R., Hydraulic 7v ts, Dover Publicatiouns, Inc,, 1563,

b

H. &. Luther, and James O. Wilkes, Avplied Humerical
‘iley & Sons, 1969,

ducrow, I .,
John Wiley & Sons,




APPERDIN T
REQUEST ¥OR LITERATURE SEARCH
Please conduct a literature search ou the following subject:
Rocket propulsion systems using prnpaElaﬁL stored as liguid hydr
ard liquid oxvgen (cryogenics), and which have these liquid prope
to a gas (rus/ga gysiem) for combustion in the vocket cngine.
The followirg information is furnished to satisfy 1TIC requirements:

A. Specific trerms which may be of use in locaging items:

Caseous Hydrogen/cjanous Ox ygen Ro<»et Engines.
1 £

Injectors,
H LA t 111 it

Vaives
i £ &8 1w t BT yyente d won
Plumbing
" " " v " Accumulators
Ligquid Hydrogen and Licuid Oxygen Heat Exchangers
n i i

Fropellant Vuporizers
Propellant Pumps
Propellant Tanks

i i L 1t (11

1 11 e it it

B. Terms or subjects to be excluded:

Tharmodynamic properties of liguid hydrogen. liguid oxysmen,
ous hydrogen, and gaseous oxygen.

C. Addicional informarzion cf possilble sssistance: Houne

D. Cost Code: 4354 Job Number: 127520
Note: Tor Information purposes only. Mo chavges levied for

or bibliographics.

o
N
L

£

%

Tik
panis

e e e



The fellowing informat

A, Specific

.

Digital computer simulations; transient rocket en
steady-state recket engine analysis; grzecus
oxygen rocket engines; trun

and tubes.

Terms or subjec

terms which may be of use in locsting

fon ig fuenished ro eatdlely TIC vequivement

ftemat

ana L\' siag
and ggysoua

for gas in pips

ains
hydvogaen

sient flow analysis

to be exciunded:

Thermodynanic properties of ligquid hydropen, liquid oxygen, passous
hydrogen and gaseous oxygoen.

Addicional

D, Cost Code:

Note:

informe

4354
For informativon pm

liveratnre

sible assistance: HNone

3

tion of po

1ob Rumber: 1275-20

E. Date results necded:.

.

Coverage
Nunbet
Level of class
ciaputer

111, eseed

(vears

of entries ¢

earch by:

I
Vst

material deaived: Unclassified.

Rong

chat a litevature sa2zych be conducied Tor nny uY“«hM
¢ odyasmic math wmodoling peviaiving to the fellowling ivens:



APY

LITERATURE SEARCH OF MATEFMATLYCAL HODTLING FOR

SYARTLITY OF HYDROGFN AMD CEYCEN ROCEET PROPULSTOY

e-)l Loy
ERCIHES RESPONSE

sy bibliogravhy dis furnished in rosponse o your vequest:

NA2-18807

Hathomailcal model snd tests of :

cagine uvsing hvdrogen ond oxypen mvcwcLlun L3,

RO7-27086  Study of random wave phanom
{ 'QNJL3< 3QV\ for doseriling coxbuJLLQn chasber distouy
4 stusdy shate ¢

5ovockt "**;',L: aa )

N6H-22085  Compeier simulation of high freguency combustion instabllity sod

its suppression. Final report.

£EH-228" Combustion stability
{3 cpellant roo

Jdguid p

Y
ENG

16715913 Gennralized stendyes
» of solutd :
@}tspnufs 821 model ¢ cady stere llquid widlant rocket engine
performance, and al W j

CY PreRnuTLe.,
rookiag

xlzzfr'x,-

o e LIk

KO8 15979

of & doublowtioodet

rochel




PTENDIR 2 JCONTINUED)

LITERATURE SFARCH OH LIQUID HYDROGEN/OXYGER
ROCKET DRCPULSION SYSTEM RUISPONSE

The Following bibliography ls furnished in response to your reguest:

AGB-21387  (AXAA paper 07-L61) M-l injmctor develomment-philesophy end imp

A68-23597  The design and manufacture of a liquid hydrogen/oxygan thrust chasber.

A6B=20827  Develomment of high-pouwer rocket engines.

AEG-33757  Development of 1OY-hydrogsn eneines for Saturn Apolis Taunch veahiclez.
ALQLIRDEL De aign S déﬁv.‘,‘}(::"v':.»m'.' 0y Liie ! ML L[Q»\;n Tarust
hydrogen rocket moter.

£69-23551 Secondary-injection thrust vector control systems.

A69-31749 (ruidizer injector face configurstion forv ‘1@ pow&v varisble thrust
rocket engine uging hydrogen/oxygen propellant

ABGw32759  An analysis of two/phasse flow in 1M sudb 2 punps for £ asub 2/H sub 2
rocket engines.

A68-33345  The SEPR rocket engine ~ Hif, with ligquid oxygen and hydrogen -

degign and cperaticn.

,.Q

NoB-11043 Effect of combuster pargmeters on the stability of gaseous hydr
liguid oxyren engine.

HEE-1104L  An experirutal on avticulate damping in a two-dimoncionsl hydragen/
oxygen combustor.
Deeign criterig for hi
Development of SEPR-HPL e v G

enging,

e



NO5-403L0  Bffect of injection elewent radisl distr ﬂm‘,im v chagber peossiey

on secoustle mede instability in o bydropen/ovygen engines,

"x‘ma’*x e prediction for high ernergy cpaceorsfit pro-
z"c; nce of hoterogeneous conbustion produsls,

REG-357),  Anslytical
pellants in

A0S 34LE Eetimation of the maximum possible pressure in an o
A
engire. {turbopumy drive)}

Cryoroenic ignition of hya;’c’ rain end oxvgen with Raney Hickel. W.B, lea.
Industrizl & lng. Chen. U6 L1 Mr 147, pEG-bi,

o5
QI E

. - s A
AB3ENG . AL5-1T . B il flx,
lLl’.{;, .

combingvions of ldculid U, Liguid O
R.F.Fremad. il. f‘*'*m Eng 657%

%,

Prath & Wnltney picksd to build cryogenic r

3 ocket enéme For latz 70's use.
H. Taylor. Asrospace Tach 21:15 Ja 15 168,

Round-up of cryogenic fluld

oL, HMe Candles

propellent socket 15
:wtion. I Croces eb gl

I

Twdis bibl xgm' will be supe nse Documantatinn
< { upon receint




APPENDIX 2 (

- D A I T e

1
n solid prepellanc

] o
b -t & .
[ i ol .
& 28
o] o] m
& P e .
= « 43 L
f< a =
S ¥ ] g
3 5 - gl . N
[ =t ™ .
ESS Bn &
L] 42 Px] §
o] S
4 % Tt > fo
[ =3 B 1
(5] & et b . - e
£ £ ,,. + @ 2 - -
b (o3 o o~ . . -
o e et a4 S -
< w e o et ,i
PSR [T 1 L -
o] ta i 9 - ;
g = ) F:] .
£t 1157 =] i & 3
o £ i >4 e et
b4 o B 2
e P 3. i .
2 o EH i 5 .
b = £ et ) -
- e u ] (RN
= o vt g B R
P o pod .
> jt] K = i
g 2 =2 [«] : E
{ S ag e
= i
per) [&] =i &
ot ] L] Y
P =) o & - “
by = 8 & i B oo
e P B i et
iy e ° i @9 Wy o
[+ i s o ol =g 1 s
f] e ES el [ ) 53 G e :
jo) [ et el e e o o ke :
on o) Paai dd B [ YRR e o w3
3 w e G 12 [t AR
1 vl J3 4 E 4 = ) ”
e 2 [~ s A =4 N
o ot 410 gooed v a; :
e T o LY ER eI 30 oW :
S P 2w 2o oo .
[ et % A SR e :
o L3 e c .
o . P 9w no A : 3
¥ o o ot B 3 . .
2] Ly Sl Dy o G0 &
' P ol S b o :
o S s A & ol ot -
s @ G o ) - :
e o o o3 = -~
H 3 ! .
& (o (X3 e 5 .
S D ) N . w :
< - = g -
] ! < “~




APPENDIX 2 (CONTINUED)
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X66-11722 - Mathemscical wass spring wodels of partially £1lled thin wall
propeliant tanks.
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studies
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propellant rocket anglnes,

266-23901 ~ Thes
effects,

i TP PR e e X 3 ¥ oo 2
2ilant cowbusiion model for rapid s

X07-11406 - Hathewmatical wodel of hypergolic ignlticn deley in spacae-zmhient
engines.

KE7-14913 ~ Geneval eguations {or constructing mathamatical model on steady
: state liguid propellaunt rocket ennine performance, and slgorithms of
solution,

P4

X67-17326 ~ Analyiical model for predicting combustion wave instabilivy

i

of solid prepellants.

X67-18780 - Mathanatical medel for steady staia combustion of solild prepellant

Xe7-18781 ~ femputer medel of solid rvecker worer ignition transient,

atical models and

g T T
LT Anging anas

*fu} Cu”pu?““ Prog
fuvﬂx1or<




APPENDIX 2 (CONTINUED)

%X62-17006 ~ Mathematical wodel for golving 3-dimensional combustion fmst-oility
in liquid propellant rocket eangines,

X70~12673 ~ Cowbustion stability model of advanced injector for use on hish
pregsure hydrogen oxygen engines,

Approximate but complete model for ignition response of solid propellauts,
A. D, Baser, K, W. Ryan, AIAA J. v.6, n.5 May 1968 P. 872-7.

c & L. Vallee, flow

.Computer model for a LOX manifeld srstem., J. 8. W nd ¥
{ §35371:349-62 My '69.

chart diags. Am, Soc, C. E, ¥Froc, U3

Development of fundamental model of hypergolic igniticn in apace-ambient engines.
T. F, Seamens, M. Vanpee, V. D. Agosta., AIAA J. v.5, n.% Sept. 1967,
p. 1616-24,

Digital computer methods in dvnamic—response analyses nf sturbogencrater uniis.

V. D. Lumpaye, T. N. Soha. bibliog. flow disgs. 1Inst. E. E. Proc.
114:1115-30 ag'67: Discussion 115:1498-500: Reply, L SRR

Electric space heating with active boundary members, W. K, Reots, bibliog.
Inst. EE proc. 114:1018-101% J1%67,

Fluid and thermodvnamic modeling of nuclear rocketr vehicle. P, V. Westerhoide,
R. C, Frickson, F. P. Kirkland: SAE Paper 6850701 for weeting Joamuary

13-17, 1959, 1lp,

arion ¢f

Mathematical model of a packed-bed heat-exchanger reactor for dehydrogen

Mathyleyclohexane; comparison of predictions with experimental rc \ulp;.
R. D. Hawthorn and ctbers. bibliog. disgs. ATCUE J 14:09-76 Jan,'0U.

lae and oil
and Steal

tion in the b

Measurement of hydrogen utiliza
£ C. Rhicmond ard
Y67

injection techniques.
Inst. J, 205:630-6 J

Mechanism of heat trans . R, Letan & ., Kehau

bivliog, diag.

Oprinm’ ngtion and desigr Sinong
taechnigue. 7. S
e «(1 v
fpr. LOGT7. p.
e P T T Y,
té Lot Lo , 1 EAF Y i iy Bor
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PROGRAM NAME " DESCRIPTIOY

F oHE¥ 534070 Heat Duchanger $.8. performance at speciified fntervols
along heak exchanzer tubes.

3

F M3T 5534630 e Transfer to a
Spherical Containerx

]

ransients for sphoere with crvogenic
o

I
A
a8.

[5e3

[

¥OMAT 545420 Heat lransfer Spheve Gas inside a spherical container.

£ OMSE 566030 SIV Pump Cooling Heat~up and cndll--down characteristi- s
for turbopumps.

i

W OMRC HO8D Tank Pressurization Cae pressures, volume, weiphi.
Prograw
1 OMST HUY4 Fropellaat Feedline 5.5. heating of a ges by a liguid.

Heat Dxuchanger

H OMEC RODS Analysis of Propel
Tank Pressurization

Liquid propellant tank thermodynamile.

B MSC {lié Axisymmetric Two~Dhase Propellant eyatems having both gaseoves
Perfaect Gas Program a

Lunar “odule Reaction
Coptral System Engine
Iujector

RERSES D PR A
: ! PRI




APFENDIN 3 [Cont’d)

PROGRAM NO.
A ALl A

M70-10069

MEA10243

MSF=-1675

HST= 0000 )

i

5
N eIt

Cowputer Programs for

the Design & Perfovwance
Analysis of Compact

DLSCREFITON

Multi-Fluid Heat Exchanger

Radial Turbine
3yntehetic (sic)
Mapping Program

Solution of Compressible
Flows in Piping Svatems

Heat Exchanger Progranm

Actuation Timing of a
Lineay Actuated Valve

Transient and/er Steady
State Thermal Analysis

with Coupled Fluid Flow
and leat Ceonductioa

Heat Trausfc

Thermal Prob

Gonerglized
A

Two-Fhose T

e

Wifrervence Geporalland

Breat Ixchanger

Provides wethod of ealoulating
an estimated

forwance wap whan turbine soomsiry.

¥

inlet conditicns, and gz proportfos

are kaown
Descripiion net available,

fiot Avallable.

Not fAvailavle.

Hot Availiable.

Noi Availsable.

Transient, commyessible, oul

Apallo fuel zells.



APYESDIX 3 {(Cont'd)

PUOGRAM HO,
BUOGRAM HO.

=}

NAA APD 153

MSC J067

MSC Y071

£ M5C F231

15T FlLG

PROGRAM NAME

LS
-

RCS Steady State
Analysis

Design and Performance
Analysis of Compact
Heat Exchangers

fan, Biower, and Pump
Design

8PS Feed Lines
Optimizaciou/Evaluation
of Fans, Compregsors,

and Punps

Oxygen Cryogenics
Program

Huelear Shmtrle
Hydrogen Tank Program

DESCRIPTICN
¥low vate, pressuie drops, englov
performance.

Descrintion nob available.

Predicts periormance curves, sine,
and wt. regqulved tc operate a

a3
k4
given set of desgign point cond

o
itionu.

Description not available.

Description pot availzhle.

Descrintion wol available.

5

)
[1d

&b

=
o
s

Deseription not ava

[P



AFPEEDIX 4

URAVATLABILITY OF PROCRA NDOCURERTATION
REQUESTLD FROM THE ADP PAOCRAM SHARING LIERARY

Four of the computer prepram descvipolony vesvosled wore not avail

for oue oy rore of the following reasonat
o formel documentetlon was preparad,

Persennel turnover caused incovrple

Program ie now obhsolete and doouwwentation on it hes been desiro
Proarom was not perfected and thorefore withdrawn fvom civewn!

Y
DXERI

L300
The ADP Program Sharing Library wie unsble o goy whickh cenaon ernliicd o
to vhe following propgrans:

554070  Heat Exchanger {cancelled Deceubzr &, 1763)

T 19e Spacecrafs EUS Heat Escha
(cancalled Tehruery 9,

e
=
2
£ oy

3 360 330G Duct Flow FL/D. &, DA {project prebebly not couplaeted)
¥ 361 440 Transient Stevveup (cancelled LDacember &, 196%)

28 yeve 4
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